ABSTRACT. Craniomandibular traits of the water deer from the Korean peninsula were examined to assess size change in growth between age groups and sexes. Univariate and multivariate analyses were conducted based on 34 cranial and 11 mandibular measurements from both sexes. Statistical comparisons of skull measurements revealed a significantly different growth pattern between the sexes. For the male, the size change of the cranium and mandible was straight through age groups, constantly. On the other hand, the size of the cranium and mandible of the female was changed relatively steeper than that of the male in age groups 2 to 3, and the growth curves from age group 3 to 4 were more gradual than age groups 2 to 3. Principal component analysis showed that these 2 sexes have a similar trend. In the allometry analysis, there were differences in growth in 5 traits in both sexes. In conclusion, our study suggests that the male and the female Korean water deer had a similar trend for their growth, although there was a small difference of skull growth for age groups.
The skull of the vertebrate basically protects the brain and sensory organs, and additionally associates with masticatory movement and locomotion. It means that the skull has several roles as multiple functional and developmental units [15, 27] . Postnatal ontogeny and the size of the skull can be influenced by several environmental and genetic factors [5, 13, 22, 39, 42] . As a functional and developmental unit, the skull of an animal can be useful not only for classification of taxa, but also for the study of life history strategies and evolutionary change in animal species [41] .
The water deer, Hydropotes inermis, is one species of genus Hydropotes and distributed in the China and the Korean peninsula [3, 10] . Two subspecies of water deer are reported, Korean water deer, H. i. argyropus and Chinese water deer, H. i. inermis. Originally, the habitats of this species had stretched from the eastern part of China to the Korean peninsula, but the current habitats are divided between China and Korea, and even its habitats are isolated within China.
There are some anatomical studies of this species which include the male genital organ, the rumen structure and the branching pattern of the aortic arch [2, 16, 35] . However, there is no study which has analyzed the skull growth of water deer. In this study, we compared the skull growth between the sexes and among four age groups which was defined by the degree of molar eruption. This is the first study to examine the growth pattern of H. i. argyropus and will be helpful to the understanding of factors related to the growth and evolution of this species.
MATERIALS AND METHODS
A total of 96 crania and 92 mandibles of Korean water deer were examined in this study. Skull specimens were prepared from the carcasses found in Korea and then stored in the Department of Anatomy and Cell Biology, College of Veterinary Medicine, Seoul National University, Seoul, Korea. Based on Driesch's method [9] , 34 cranial and 11 mandibular measurements were taken to the nearest 0.1 mm by one of the authors (K. Y. K.) and recorded as summarized in Table 3 . Linear measurements are illustrated in Fig. 1 . As the length dimension of cranium, 19 variables (TL, CBL, BL, SSL, PPL, BCL, BFL, NCL, MFL, LNL, LRL, LPL, AIOL, NL, SL, MPL, OPL, LIL and VCL) were measured. As the width measurements of cranium, 10 variables (FMB, IB, LFB, LOB, MB, NB, OB, OCB, POPB and ZB) were measured. For mandible, categories can be divided into two different groups; 6 variables for length dimension (MLA, MLC, Gp2L, GDFL, LPRL and DL) and 5 variables for height dimension (AVRH, MVRH, OVRH, MH1 and MH2).
To identify growth patterns, four age groups were determined by the state of eruption and attrition of the molars (Table 2) . Using teeth for age determination is commonly reported in many species of deer [23, 25, 26, 33, 34, 36] . This method is based on eruption sequence, wearing estimation and cementum lines [28] . All individuals were classified into four age groups, and information of each age group is shown in Table 2 . Sex was determined by observing genital organs.
Two different statistical tests were performed, Student's I  5  4  9  9  M1  -II  11  11  12  12  M1 and M2  -III  31  27  15  15  M1, M2 and M3  -IV  6  7  7  7  M1, M2 and M3  M1, M2 and M3  Total  53  49  43  43 with the software PAST version 2.07 [14] . In addition to the above analyses, we performed allometric analyses. To describe patterns of shape change accompanied by growth, allometry has often been employed [1, 11, 12, 20] . We used bivariate allometry for each trait for each sex. The bivariate allometry equation is expressed as following: log y=α·log x + β, which is the common logarithmic conversion of the formula y=b·x α (β=log b), where α is allometry coefficient (equilibrium constant) and β is the initial growth index [17] . We compared α and β of allometry equations between sexes using TL as an independent variable. The allometry coefficient was estimated by standardized major axis (often called as reduced major axis) [38] . Test of allometry (whether α is different from 1.0) and the comparison of the 2 parameters between sexes were conducted by using smatr package [37] for the software R [32] .
RESULTS
Univariate analysis: Among 19 cranial traits which represent length dimension, all traits except 4 variables (PPL, LNL, NL and OPL) showed no significant difference in the female between the age groups 3 and 4. There was a significant difference in all age group pairs in PPL and OPL. In some age groups of LNL and NL, significant differences were found. Although the size of UPRL did not show significant difference in some age groups, the size of UPRL decreased in age groups 1 to 4 in both sexes. In the height measurements of cranium, 2 variables (FMH and BNCH) were measured. Although significant differences could not be confirmed in age groups 1 to 4 in both sexes, the size of FMH decreased (Table 3 ). The size of BNCH increased throughout all age groups, although there were no significant differences in some age groups. The size of 2 variables which are related to the size of the eye (LO1 and LO2) significantly increased in age groups 1 to 4.
While the 6 length dimensions of the mandible showed similar growth patterns in both sexes, Gp2L did not show a significant difference between age groups 3 and 4. In the cases of DL and LPRL, significant differences were not found when comparing age groups 1 and 2. Among 5 height factors, the growth of MH1 in the male was not found. Growth in age groups 1 to 4 in other factors was found partially or through all age groups.
Mean values of cranial traits were different between sexes in 2 variables (POPB and FMB) in age group 1; 3 variables (OCB, LOB and IB) in age group 2; 19 variables (TL, CBL, BL, SSL, PPL, BFL, NCL, VCL, MFL, LRL, LPL, AIOL, NL, SL, MPL, OPL, LIL, IB and BNCH) in age group 3 and 1 variable (IB) in age group 4 (Table 3) . Except for OCB and IB, all traits were larger in the female specimens. IB is the most notable trait measurement in both sexes, and is related to the upper canines. Canines developed in the male ( Fig. 2A, arrow) , but poorly developed in the female (Fig.  2B, arrow) .
Mean values of mandibular traits were different in both sexes, with 1 variable (MH2) in age group 2 and 4 variables (MLA, MLC, Gp2L and GDFL) in age group 3 ( Table 4 ). All these 5 traits were larger in the female.
PCA: The first 5 principal components which account for more than 1 value of eigenvalue explained 62.71, 5.46, 4.69, 3.95 and 3.46% of total variation, respectively and heavy loads for 29 traits, except for 5 traits (UPRL, OCB, FMB, FMH and LFB) in the cranium (Table 5) . Factor loadings for PC1 were all positive except for 2 dimensions (UPRL and FMH) and ranged from 0.983 in TL to 0.121 in FMB. Among the 5 traits, 3 traits (OCB, FMB and FMH) were attributed to PC2. Factor loadings for PC2 were the largest in FMB (0.655), FMH (0.572) and OCB (0.517). The first 2 principal components which account for more than 1 value of eigenvalue explained 74.01 and 10.06% on the mandible, respectively (Table 6 ). It is shown that 9 variables attributed to PC1, except for MH1 (−0.033) and MH2 (0.468). Among the 9 variables, LRPL (−0.892) is negatively correlated with PC1. Except for LRPL (0.097) and DL (0.331), 9 variables are attributed to PC2. In plots between PC1 and PC2 of the cranium and mandible, samples from the male from all age groups as well as those from the female overlapped partially with neighboring age groups, except for 3 cases. Scatter pattern between age groups 1 and 2, age groups 3 and 4 of the male mandible and age groups 2 and 3 of the female mandible did not overlap with each other (Fig. 3) . Allometric analysis: There were significant differences of α in allometry equations between the sexes in 5 traits. The α value for CBL was larger in the female, while those for 4 traits (OCB, POPB, LOB and IB) were larger in the male (Fig. 4) . Trends of allometry for OCB, POPB and LOB were different between sexes, while IB was positively allometric in both sexes. The allometric trends of common slopes between sexes were positively allometric for 20 traits (BL, PPL, BFL, VCL, NL, SL, MPL, OPL, LIL, NB, MLA, MLC, Gp2L, GDFL, DL, AVRH, MVRH, OVRH, MH1 and MH2), negatively allometric for 11 traits (NCL, MFL, LNL, AIOL, UPRL, MB, FMH, LFB, ZB, BNCH and LPRL) and isometric in 8 traits (SSL, BCL, LRL, LPL, LO1, LO2, FMB and OB) ( Table 7) . Among them, 4 variables (FMB, FMH, LFB and MH) showed no significant correlation with TL in either or both sexes. Therefore, estimation of α value for these variables may not be meaningful. Slope values for UPRL and LPRL were smaller than 0. Among the traits which showed no significant difference of slopes between sexes, significant difference of elevation between sexes was detected only in DL, but the difference was small.
DISCUSSION
The present results show considerable growth variation between sexes in H. i. argyropus. Overall size variation of the male is expressed by PC1 in the cranium and the mandible, and the growth seems to be variable and continuous with highly overlapping scatter pattern among neighboring age groups. In the case of the cranium and the mandible of the female, the level of overlap between age groups 2 and 3 was not so high. On the other hand, the level of the overlap between age groups 3 and 4 was high.
A total of 5 variables were allometrically different in both sexes. Allometric difference of OCB, POPB and LOB between sexes was considered to relate to the difference of growth of the braincase apparatus, and it means that the growth of the braincase in the male is faster than that in the female. Allometric difference of CBL was related to growth of the skull size, and it shows that the size growth in the female is faster than in the male. Although both TL and CBL are representatives of skull size, the growth pattern of the two traits is shown to be slightly different, because of the characteristics of traits. The size of TL might be affected by the size of FMH. However, CBL does not have such a characteristic. In this study, FMH does not show any differences among age groups in both sexes. However, the size of FMH slightly decreased from age group 1 to age group 4 (Table  3) . In PCA, FMH shows a negative correlation with PC1, although the loading value is very low ( Table 5) . Similarly with PCA, the allometric test also shows negative allometric growth pattern of FMH (Table 7) . Because the growth pattern of TL is affected by FMH, it is considered that the growth pattern of TL is slightly different from that of CBL. The outstanding characteristics in the skull growth are the decrease in the size of the premolar row (UPRL of cranium and LPRL of mandible) in age groups 1 to 4, and the evidence that the length of the upper and lower premolar rows is shorter than the upper and lower molar rows. This kind of growth pattern might be the result of evolutionary adaptation by the feeding type. Although some ecological studies of the Korean water deer have been done, the feeding style of this species has remained unclear, whether it is a browser or a grazer [19, 21] . Although Clauss et al. [7] designated Chinese water deer as an intermediate feeder based on the masseter mass analysis, both Korean and Chinese water deer have been recently classified as a browser based on their feeding habit and rumen structure [16, 18] . There is a different trend in the size of the premolar row between grazing and browsing ungulate species [24] . Ruminant artiodactyls which have a browsing dietary habit usually show a relatively longer lower premolar row (premolars: 70% of the molar row) than that of grazing ruminants (premolars: 45% of the molar row) [24] . According to the result of the present study, the proportion of the lower premolar row length to the lower molar row length was 73.6% in age group 3 and 64.0% in age group 4 in the male, and it was 71.8% and 64.0% in the female, respectively. This proportion is similar to the proportion of the browsing artiodactyl, and the feeding habit might cause the distinctive growth pattern for length of the lower premolar row. The size of molar row was more developed, and the size of premolar row was equivalently reduced. The proportion of the premolar row to the molar row of age groups 1 and 2 is not shown in this study, because the molars were not fully erupted in these age groups.
The method which measures the breadth across the incisive bone of the canines was used in order to ensure the growth of the canines instead of measuring the size of the canines directly in this study. Canines of water deer are known to be mainly used for marking territory and used as the fighting weapon in male-male competition during the breeding season [8] . Furthermore, water deer with broken canines were commonly observed in the wild [8] . Because of these evidences, an indirect method to measure the size of the breadth across the incisive bone was used in this study.
Maximum longevity of the Korean water deer in the wild has not been reported yet, but the reported lifespan of the Chinese water deer is about 10-12 years [3, 4, 6, [29] [30] [31] 40] . Canines of the male water deer are one of the outstanding characteristics of this species, and it is known that canines are completely grown from age 18 to 24 months [8] . It means that the specimens classified to age group 4 in our study are at least over 18 months. In this study, age groups are divided into only 4 groups, which is surely a shortcoming of this research. For water deer, how to determine the actual age has still not been determined. Thus, it is difficult to compare the actual age with the age groups used in this study. With field observation and captured individual, the correct identification of actual age is needed for the further research on this species.
In conclusion, the growth pattern of the Korean water deer shows slight differences and similarities between the male and the female. Canines of the male were the most outstanding characteristic between the two sexes. Although differences between the sexes were found in some traits, those were not remarkable, except for some length dimensions in the cranium and mandible in age group 3. 
